This paper investigates the characteristics of reflected and transmitted fields of a vector Bessel vortex beam through multilayered isotropic media on the basis of the vector angular spectrum expansion, and presents the effects of media on intensity, phase and polarization. The method is verified by studying the reflection and transmission on a single interface at the vertical incidence. For both paraxial and non-paraxial incident beam cases, numerical simulations of the field components and the time-averaged Poynting vector power density of the reflected and the transmitted beams for the three-layered media are presented and discussed in detail. It is shown that as the incident angle increases, the magnitude distribution of the reflected beams illustrates significant distortions and no longer represents similar patterns to that of incident beam, whereas the magnitude distribution of the transmitted beams can maintain similar profiles to the incident beam, apart from the notable distortion of the central ring. For the same incident angle, the effects of media on the magnitude distribution for the nonparaxial case are more evident than those for the paraxial case. The results of phase distribution and polarization of the reflected and transmitted fields show that as the incident angle increases, the distortion of the phase distribution and polarization for the reflected fields are more significant, and the topological charge cannot preserve.
INTRODUCTION
Bessel beams were firstly put forward as non-diffracting, exact nonsingular solutions of the scalar wave equation in 1987 [1] , whose field amplitudes can be described by Bessel function of the first kind. Although the ideal Bessel beams with infinite transverse extent and energy cannot be produced experimentally, the quasi-Bessel beams with finite size approximation can be generated by use of holographic elements [2] , an axicon [3, 4, 5] , a Spatial Light Modulator (SLM) [6] , a conical mirror [7] or a Digital Micro Mirror device (DMD) [8] . Because of their special properties, such as non-diffraction [1] , selfreconstruction [9] and superluminality [10] , Bessel beams have prospective applications in the fields of optical manipulation [11] , the design of optics devices, imaging [12] and communication [13] . Most noteworthy, investigation results show that beams with orbital angular momentum (OAM), which are also called vortex beams, have great potential in improving the communication efficiency [14] [15] [16] , hence the high-order Bessel beams [17] [18] [19] , which belong to a class of OAM beams, are worthy of more attention.
THEORETICAL BACKGROUNDS A. Physical model
An incident vector Bessel vortex beam is considered on the interface of air and N-layers isotropic media, whose physical model is shown in sin cos
B. Description of the incident Bessel Vortex beams
The electric field of a scalar Bessel vortex beam is: When the Bessel beam is incident on the interface with the angle , with the help of angular spectrum of plane wave, the electric and the magnetic fields of the vector Bessel vortex beam in the local coordinate system can be written as:
are the polarization unit vectors of the angular spectrum [26] , and the complex-valued unit vectorˆˆp 
For the purpose of demonstration, by solving the integral expression in Eq. (5) As shown in Fig.2 
REFLECTED AND TRANSMITTED FIELDS FROM MULTILAYERED ISOTROPIC MEDIA USING VECTOR ANGULAR SPECTRUM METHOD
Based on the vector angular spectrum expansion method, the electric field amplitudes of the reflected and transmitted Bessel vortex beams can be obtained by inverse Fourier transformation as: 
2, s   ) are the generalized reflection and transmission coefficients for both parallel and vertical polarizations, respectively [49] . Their expressions are presented in Appendix.
From Sell's law, considering the phase-matching conditions in the interface, we can express the relationship of transverse wave vector components between the incident wave and the reflected wave, the transmitted wave as
, respectively. Thus, the polarization unit vectors in reflected coordinates and transmitted coordinates are written as
Considering the relationship between electric field and magnetic field shown in Eq.(4), the complex magnetic field magnitudes of the reflected and the transmitted Bessel beams also have the similar expressions as Eq. (6) and Eq. (7).
It is known that the intensity of electromagnetic fields is related to 
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It is sufficient to consider the magnitude of S for analyzing the characteristics of intensity distribution. Since the angular spectrum of the scalar Bessel beam has a Dirac function term about the half-cone angle 0  , the expressions in Eq. (6) and Eq. (7) can be conveniently reduced to one-dimensional integrals about the angle
The results of the field components in Eq. (6) and Eq. (7) can be evaluated with the numerical integration method.
In order to analyze the effects of the media on polarization, similar to the definite of PER (polarization extinction ratio), the following expression is used to describe the polarization characteristics of the reflected and transmitted beam: It is interesting that, for the vertical incidence, if we set the half-cone angle equals Brewster's angle 
4.NUMERICAL SIMULATION AND DISCUSSION
In the reflected beam case shown in Fig.8 , the magnitude distributions of all the field components are no longer circularly symmetric or axisymmetric due to the effects of the multiple reflection and transmission in the media. Compared with the distributions of the incident field components plotted in Fig.2 As shown in Fig.9 , for the transmitted beam, except the field components yt E and xt H , the magnitude profiles of other field components have distribution patterns similar to those of the incident field components in Fig.2, but Compared with the results of the paraxial case in Figs.8, 9 , the magnitude distributions of reflected field components in Fig.10 Substituding the paramenters in Fig.9 into Eq.(11), the offset of transmitted field can be obtained, and its value is 7.952 , which is well coincided with the numerical result in Fig.9 .
In order to clearly view the intensity characteristics of the Bessel vortex beam through the three-layered media, the magnitude distributions of S for the incident, the reflected and the transmitted beams are also simulated in next two sections. 0 o   , the magnitude distributions of the longitudinal and the total components have patterns similar to those of the incident beam, but they are more deviated from the circular symmetry. As the incident angle is increased to 10 degrees, the magnitude distributions of the longitudinal and the total components still appear to be multiple concentric rings. However, it is clear that as the incident angle increases further, the distortions of the magnitude distributions are more notable and cannot maintain the concentric ring structure. In the case of the same incident angle, the distortions of the magnitude distributions for the non-paraxial case are more notable, and the effects of t S on total S the magnitude distribution of are more significant than those of the paraxial case, which are given in Fig.13 .
D. Magnitude distribution of S for the paraxial case
For the transmitted beam results shown in Fig.16 , with an increase of the incident angle, the magnitude distributions of the longitudinal and the total components have more obvious changes than those of the paraxial case, especially the central ring, which is no longer circular. Meanwhile, for the same incident angle, the distortions of the central rings in the magnitude distributions illustrated in Fig.16(f) and Fig.16(i) , are more evident than those of the paraxial case. Phase distribution can reflect the orbit angular momentum features of the vortex beams, a discussion about the effects of multilayered media on phase distribution is necessary.
For the vertical incidence of a paraxial beam, phase distributions for the main electric field components
) in the planes xy   are shown in Fig.17 . Obviously, the phase contour of the incident beam in Fig.17 (a) consists of multiple concentric rings, just coincides with the corresponding magnitude distribution in Fig.2(a) , and the phase value on each ring varies from 0 to 2 for two times.
The results in Fig.17 The effects of the incident angle on phase distribution are illustrated in Fig.18 Panels in the first row are results for the paraxial case, and others are for the non-paraxial case. It is concluded from Fig.18 that distortions of the phase contours for the reflected fields are more pronounced than that for the transmitted fields, and distortions for all fields become more significant as the increase of the incident angle. Whereas the phases on the innermost ring in Fig.18(a), (c) , (e) and (g) are basically able to maintain the shape similar to the incident fields. Phase distributions of the transmitted fields almost keep the concentric rings, even though the innermost ring gradually becomes elliptical as the incident angle increases. It should be noted that for most of the reflected and transmitted fields, compared to the incident beam, the points of the center phase singularities or become larger, or disappear. For the same incident angle, the distortion of phase distribution for the non-paraxial case are more serious than that for the paraxial case.
G. Pol and Polz of the reflected and transmitted fields
Using the definition in Eqs. (9) and (10), the values of Pol and Polz for both the paraxial case and the nonparaxial case are calculated and shown in Table2 and Table3.
As we know the polarization unit vector of the incient beam iŝˆi 
Conclusions
Reflection and transmission characteristics of a Bessel vortex beam from multilayered media are studied on the basis of the vector angular spectrum expansion and the generalized reflection and transmission coefficients. The magnitudes of the field components of a linearly polarized Bessel vortex beam are calculated for both paraxial and nonparaxial cases. It is shown that the magnitude distributions of the total field components for the paraxial case are circularly symmetric, and are mainly dominated by the magnitudes of the transverse field components, but as the half-cone angle increases, the effects of other field components on the total field components, especially the longitudinal field components cannot be neglected.
The reflected and the transmitted electric fields are expressed using the inverse Fourier transform integrals of the vector angular spectrum in the spherical coordinate system and are solved by the numerical method. Through studying the reflection and transmission on a single interface, the method is verified. When the half-cone angle is equal to the Brewster's angle at the vertical incidence, the reflectied field components are displayed and discussed. For the incident Bessel vortex beams with the half-cone angles  , the magnitude distributions of the field components, the time-averaged Poynting vector power density, the phases and the polarization from three-layered media are analyzed in detail. The results reveal that the distortions of magnitude distributions of the reflected field components are very notable, but the magnitude distributions of the transmitted field components can still keep the similar patterns to the corresponding incident beams to some extent. As the incident angle increases, variations of magnitude distributions of the time-averaged Poynting vector power density for the reflected beam become significant, the total components for the paraxial case are still mainly determined by the longitudinal components, while for the non-paraxial case, the effects of the transverse components on the magnitude distribution of the total components must be taken into consideration. The magnitude distributions of the field components, and the time- 
Appendix A
The polarization unit basis vectors are 
